ETS domain-containing protein-1 (ELK1) is a transcriptional repressor important in regulating α vβ6 integrin expression.
α vβ6 integrins activate the profibrotic cytokine Transforming Growth Factor β 1 (TGFβ1) and are increased in the alveolar epithelium in Idiopathic Pulmonary Fibrosis (IPF). IPF is a disease associated with ageing and therefore we hypothesised that aged animals lacking Elk1 globally would develop spontaneous fibrosis in organs where αvβ6-mediated TGFβ activation has been implicated.
Here we identify that Elk1-knockout (Elk1 -/0 ) mice aged to one year developed spontaneous fibrosis in the absence of injury in both the lung and the liver but not in the heart or kidneys. The lungs of Elk1 -/0 aged mice demonstrated increased collagen deposition, in particular collagen 3α1, located in small fibrotic foci and thickened alveolar walls. Despite the liver having relatively low global levels of ELK1 expression, Elk1 -/0 animals developed hepatosteatosis and fibrosis. The loss of Elk1 also had differential effects on Itgb1, Itgb5 and Itgb6 genes expression in the four organs potentially explaining the phenotypic differences in these organs. To understand the potential causes of reduced ELK1 in human disease we exposed human cells and murine lung slices to cigarette smoke extract which lead to reduced ELK1 expression which may explain the loss of ELK1 in human disease.
These data support a fundamental role for ELK1 in protecting against the development of progressive fibrosis via transcriptional regulation of beta integrin subunit genes, and demonstrate that loss of ELK1 can be caused by cigarette smoke.
Introduction
Tissue fibrosis is a common pathogenic pathway that results in a range of pathologies across several organs including the lung, liver, skin, kidney and heart.
Fibrosis of these tissues is responsible for more than a third of deaths throughout the world [1] . There are shared, and distinct, mechanisms that may lead to fibrosis in a number of organs involving a range of cells which can provoke inflammation, epithelial injury and fibroproliferation [1, 2] .
A key pathway promoting fibrosis involves integrin-mediated TGFβ activation.
Integrin-mediated TGFβ activation has been shown to be important in fibrosis of the lung, liver, skin, cardiovascular system and kidney [3-7] with α vβ6 integrin-mediated TGFβ activation being particularly important in the lung [4] while α vβ1 integrinmediated TGFβ activation being considered more important for liver and kidney fibrosis [8, 9] .
ELK1 is an X-linked transcription factor that regulates a range of biological processes [10] . ELK1 is ubiquitously expressed in a range of cell types and in a number of organs [11] . We have previously demonstrated that ELK1 is a transcriptional repressor that prevents excessive upregulation of the β 6 integrin subunit following injury [12] . Furthermore, we have shown that loss of ELK1 leads to enhanced pulmonary fibrosis following bleomycin induced lung injury in mice and that patients with Idiopathic Pulmonary Fibrosis (IPF) have reduced expression of ELK1 in their lungs [12] .
6 Idiopathic fibrotic disease of many organs is associated with ageing. Therefore, we hypothesised that loss of ELK1 would lead to age-related tissue fibrosis of internal organs due to loss of repressed integrin expression. To test this hypothesis Elk1knockout (Elk1 -/0 ) mice were allowed to age to one year after which their internal organs were assessed for fibrosis. We demonstrated that the lungs and liver from Elk1 -/0 mice developed spontaneous fibrosis whereas the heart and kidneys were normal. To understand the potential mechanism by which ELK1 may be lost in IPF, we exposed human lung epithelial cells and murine lung slices to cigarette smoke extract (CSE) and confirmed that this reduced ELK1. These studies illustrate the importance of ELK1 in protection against tissue fibrosis and highlight a mechanism through which this protective mechanism may be lost in fibrosis. 
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Methods
Cell Lines and Reagents
Reverse Transcription and Quantitative Polymerase Chain Reaction (QPCR)
Murine lung, liver, kidney and heart tissue was ground into powder in liquid nitrogen and RNA extracted using TRIzol using standard methods. Alternatively, RNA from iHBECs were prepared using a NucleoSpin RNA II kit (Macherey-Nagel, UK) according to manufacturer's instructions. For further detail see supplementary methods.
SDS-PAGE and Western Blot
Ground murine lung, liver, kidney and heart tissue as well as Precision Cut Lung Slices (PCLS) and iHBECs were lysed in whole cell lysis buffer (Cell Signaling, UK)
supplemented with protease and phosphatase inhibitors (Complete Mini protease inhibitor tablet and Phos-stop inhibitor tablets; Roche, UK) and processed for immunoblotting using standard methods see supplementary methods
Histological Assessment
Histological sections of murine lung, liver and heart tissue, were cut to between 3-5 microns and dewaxed in xylene prior to rehydration in decreasing concentrations of ethanol.
The sections were incubated in either Mayer's haemotoxylin, and eosin, Weigert's haemotoxylin and Sirius red or Masson's Trichrome prior to dehydration and 9 mounting. Tissue staining was imaged using Nikon Eclipse 90i microscope and NIS Elements AR3.2 software (Nikon). Heart tissue sections were scanned using a Hammamatsu photonics K. K. C9600-02 and selected and captured using Hamamatsu NDP.view2 software.
Immunohistochemistry
Tissue sections were also subjected to IHC using standard methods (see supplementary methods).
Assessment of Tissue Fibrosis
The following scores were assigned to describe the severity of fibrosis in Sirius red stained liver sections; 0= normal, 0.5= very mild fibrosis, 1= mild fibrosis, 2= fibrosis.
The following scores were assigned to assess the grade of steatosis in H&E stained liver sections; 0 = 0-5% steatosis, 1 = 5-33%, 2 = 33-66% and 3 = >66% based on the Brunt score [14] . Quantification of alveolar wall thickness in lungs of Elk1 -/0 and Elk1 +/0 mice was performed as follows. 10 random fields of view were observed per tissue section. Each field of view was overlaid with a graticule. The alveolar wall thickness was measured each time it intercepted a horizontal line. The mean value in µm was calculated for each mouse.
Biochemical assessment of tissue fibrosis was performed by measuring hydroxyproline in murine lung tissue as previously described [11] .
Precision Cut Lung Slices (PCLS)
6-week-old mice were euthanised their lungs were slowly inflated via a cannula to the trachea using 1.3ml 2% low melting point agarose in PBS followed by 0.2ml air.
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Lungs were removed and placed in ice cold DMEM supplemented with 4% L-Glutamine, 4% Penicillin/Streptomycin and 2% Amphotericin B (Gibco, UK). Lung lobes were separated and sliced in chilled HBSS buffer at a thickness of 250μm using the VT1200S Vibratome (Leica) set to 1mm amplitude, 1mm/second speed.
The slices were then placed in warm supplemented DMEM media and incubated overnight at 37 o C, 5% CO 2 . The slices were transferred to freezing media (FBS with 10% DMSO) and stored long-term in liquid nitrogen. PCLS were recovered by rapidly thawing frozen vials at 37 o C and transferring them to fresh supplemented DMEM for a period of 24 hours at 37 o C, 5% CO 2 before use in subsequent experiments. 3 PCLS were used per condition in CSE experiments. aliquoted and stored at -20 o C until required. From this 1, 2, 3, 4 and 5% CSE were prepared in K-SFM for iHBECs or DMEM (3% CSE only) for PCLS. CSE was prepared in this manner daily and applied for 7 days.
Preparation of CSE and experimental design
Statistics
All data are reported as mean ± standard deviation (parametric) or median (nonparametric) of n observations. Statistical significance for parametric data was determined by either an unpaired T-test when comparing two data fields or ANOVA for comparing multiple data fields. Data that were not normally distributed were 
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Results
ELK1 is expressed in multiple internal organs
To determine the importance of baseline ELK1 expression in age-related fibrosis, internal organs were harvested from mice at 1 year of age followed by assessment of Elk1 mRNA and protein. Elk1 mRNA ( Figure 1A ) and ELK1 protein ( Figure 1B and 1C) were expressed at the highest levels in the lung and heart tissue. In contrast, levels of Elk1 mRNA and protein were expressed at the lowest levels in the liver. Levels of ELK1 in the kidneys were generally lower than the heart and lungs but greater than observed in the liver (Figure 1B and 1C) .
Elk1 -/0 mice develop age related pulmonary fibrosis
The lungs from 1-year old Elk1 -/0 mice were assessed for evidence of pulmonary fibrosis. Despite not being subjected to injury, hydroxyproline levels were mildly elevated in the lungs of Elk1 -/0 animals compared with controls (Figure 2A) . The elevated collagen levels in the lungs of Elk1 -/0 mice were reflected in the lung architecture with features consistent with spontaneous lung fibrosis including small foci of alveolar destruction with increased collagen deposition and areas of lymphoid aggregates ( Figure 2B ). Analysis of these intermittent small fibrotic lesions with Sirius red staining using polarised light microscopy revealed that their composition was predominantly type I collagen (yellow/orange strand) and type III collagens (green strands) ( Figure 2C) . Furthermore, the alveolar walls of Elk1 -/0 mice were thicker compared with wild-type control lungs (Figure 2D and 2E) . Sirius Red staining revealed that there was increased deposition of collagen III within the alveolar interstitium (Figure 2E ). Analysis of collagen type 1, 3 and 6 mRNA expression ( Figure 2F ) did not show any difference in Col1a1 and Col6a1 mRNA 1 3 expression between Elk1 +/0 and Elk1 -/0 animals. However, Col3a1 expression was significantly increased in Elk1 -/0 mice consistent with the increased interstitial collagen 3 seen histologically (Figure 2E) . Interestingly, the phenomenon of thickened alveolar walls, deposition of fibrosis and increased Col3a1 mRNA expression was not observed in 12-week old Elk1 -/0 mice (Supplemental Figure 1A and 1B), highlighting the importance of ageing in the development of this phenotype in Elk1 -/0 mice.
Elk1 -/0 mice do not develop age related cardiac or renal fibrosis
As described earlier, ELK1 is expressed at high levels in the normal heart, and to a lesser extent in the kidneys. Therefore, the heart and kidneys were assessed for phenotypic abnormalities. There was no evidence of fibrosis in the heart tissue of Elk1 +/0 and Elk1 -/0 animals as determined either histologically or biochemically.
Indeed, there was a slight reduction of collagen in the hearts of Elk1 -/0 animals compared with controls ( Figure 3A) , although morphological assessment of heart sections using Sirius Red showed no abnormalities in tissue structure in either wildtype or knock-out animals (Figure 3B ). In the kidneys of Elk1 +/0 and Elk1 -/0 mice, there was no evidence of renal fibrosis biochemically ( Figure 3C ) or histologically ( Figure 3D) .
Elk1 -/0 mice develop hepatosteatosis
Although high levels of ELK1 were not observed in whole liver lysates at either the mRNA or protein level in Elk1 +/0 mice, there was evidence of pathology on histology, in the livers of aged Elk1 -/0 mice. Liver sections from Elk1 +/0 and Elk1 -/0 aged mice, stained with Sirius Red, demonstrated increased portal fibrosis and mild 1 4
perisinusoidal fibrosis in the Elk1 -/0 animals compared with Elk1 +/0 mice. In addition, Elk1 -/0 mice also exhibited more micro-and macrosteatosis shown by the blue and green arrows, respectively (Figure 4A and 4B) . However, there was no increase in hydroxyproline levels in the livers of Elk1 -/0 mice (Supplementary Figure 2) .
To further explore the fibrotic phenotype in the liver, immunohistochemistry (IHC) was performed using a marker of hepatic myofibroblasts. This demonstrated that alpha Smooth Muscle Actin (αSMA) was not expressed in the livers of Elk1 +/0 , however α SMA staining was increased in the livers from Elk1 -/0 aged animals and localised to the peri-portal and peri-sinusoidal regions (Figure 4C ).
In contrast with pulmonary fibrosis, liver fibrosis is more obviously associated with inflammation, therefore sections were assessed for the presence of inflammatory cells such as; activated T-cells (CD3), neutrophils (NIMP) and macrophages (CD68) ( Figure 4D) . Quantification of the inflammatory cell populations revealed a slight increase in the mean number of activated T-cells and neutrophils in Elk1 -/0 mice although not statistically different. However, there was a substantial, and statistically significant, increase in the number of macrophages present in the livers from Elk1 -/0 aged animals compared with wild-type controls (Figure 4D ).
Loss of Elk1 differentially affects integrin expression
To understand the phenotype of aged Elk1 mice we assessed mRNA levels of key pro-fibrotic integrins in the lungs, liver and kidneys of Elk1 -/0 and Elk1 +/0 animals. In the lungs of Elk1 -/0 mice a significant decrease in Itgb1 mRNA was seen compared with controls animals, whereas Itgb5 levels were unchanged between Elk +/0 and 1 5
Elk1 -/0 animals. There was 1.5-fold increase in Itgb6 was observed in the lungs of Elk1 -/0 mice compared with Elk1 +/0 mice although this did not reach statistical significance (Figure 5A) .
Levels of Itgb6 were below the detection limits in the livers of both Elk +/0 and Elk1 -/0 animals (data not shown) and neither whole organ expression of Itgb1 nor Itgb5 mRNA expression were different between Elk1 -/0 mice and control animals ( Figure   5B ).
The kidneys, however, showed a marked reduction in Itgb6 mRNA levels in Elk1 -/0 mice and conversely approximately a two-fold increase in Itgb5 which was statistically significant and Itgb1 levels which did not reach statistical significance ( Figure 5C ).
Loss of ELK1 can be acquired following inhalation injury
We have previously shown that Elk1 -/0 mice exhibit an exaggerated fibrotic response to bleomycin induced fibrosis compared with Elk1 +/0 controls [11]. However, genetic studies have not identified an association with loss of function Elk1 mutants and pulmonary fibrosis, and it remains unclear whether ELK1 levels can be altered following injury. Therefore, the effect of prolonged exposure to a known fibrogenic risk factor in human disease, cigarette smoke extract (CSE), on epithelial ELK1 expression was assessed.
Levels of Elk1 mRNA in iHBECs changed in a time and concentration dependent manner following culture in CSE, with early time-points demonstrating an increase in 1 6
Elk1 particularly at higher concentrations, whereas, by day 5 exposure to CSE Elk1 mRNA levels were reducing and by day 7 Elk1 mRNA levels were lower than controls (Figure 6A) .
Western blot of lysates obtained from iHBECs exposed to 3% CSE led to reduced ELK1 after 7 days of exposure, which was confirmed by densitometric analysis (Figure 6B) .
To confirm the results of in vitro cell cultures, precision cut lung slices (PCLS) obtained from uninjured lungs from wild-type mice were exposed to either 0 or 3% CSE for 7 days. Levels of ELK1 protein reduced by 50% in PCLS exposed to 3% CSE (Figure 6C ). It is interesting to note that the fibrotic phenotype in ELK1 deficient animals did not map onto the organs with the highest levels of ELK1 in wild-type animals. Although 1 8 these data did not show a significant increase in Itgb6 mRNA, the direction and magnitude of change were similar to our previous studies which identified that loss of 
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This study provides detailed phenotyping of uninjured age-related fibrosis in Elk1 -/0 mice, including the identification of ELK1 as an age dependent mediator of lung and liver fibrosis in male C57BL/6 mice. As the Elk1 gene is located on the X chromosome, there are particular benefits to using only male mice in these studies including eliminating the effects of female hormones on the fibrotic response [33] .
Whilst ageing the mice beyond one year may have further exaggerated the agerelated fibrotic effects and given more dramatic phenotypes it is reassuring that a phenotype was observed after only 12 months. A further strength is the application of a known fibrosis risk factor on both a cell line and physiologically viable PCLS both demonstrating a link between smoking and the loss of ELK1.
In conclusion, our data support a role for the loss of ELK1 in promoting age-related fibrosis in both the lung and liver. These data also highlight the organ-specific effects of ELK1, including a differential effect on Itgb6 in the lung and kidney, where ELK1 appears to act as a transcriptional activator of Itgb6 gene expression. Finally, exposure to known fibrogenic risk factors can reduce expression of ELK1 in the lung epithelium, which may in part explain how cigarette smoke increases the risk of IPF.
These findings highlight the importance of normal functioning ELK1 in protecting two major organs from age-related fibrosis. 
SDS-PAGE and Western Blot
Briefly, 100µg of tissue lysate or 50µg of cell lysate were loaded onto a 10% SDS-PAGE gel and subject to electrophoresis for 2 hours 15 minutes at 150V. The gel was transferred onto a PVDF membrane for 4 hours on ice at 110V. The membrane was blocked with 5% non-fat milk in 0.1% Tween 20 in TBS, then probed with the following antibodies for 16 hours at 4 o C: rabbit anti-ELK1, rabbit anti-β-tubulin, rabbit anti-GAPDH. The membrane was incubated with western blotting detection reagent Clarity™ (Biorad, UK) for ELK1 or ECL (Amersham, UK) for GAPDH and β -tubulin and exposed to Hyperfilm-ECL (Amersham, UK) to visualise bands. Western blot films were electronically scanned and band density calculated using ImageJ.
Immunohistochemistry
Briefly sections underwent antigen retrieval prior to incubation with primary antibodies: anti-ELK1, anti-αSMA, anti-NIMP, anti-CD3+or anti-CD68 overnight at 4 o C. Staining was visualised with DAB. All staining was captured using a Nikon Eclipse 90i microscope and NIS Elements AR3.2 software (Nikon). Cell counts were performed on liver sections that were processed for IHC and probed for CD3+, NIMP and CD68. 10 (CD3+ and NIMP) or 15 (CD68) fields of view were selected at 3 1 random and positively stained cells were counted. An average was calculated for each sample and data combined. 
